1. Introduction {#sec1}
===============

One of the most common infectious diseases is the urinary tract infection (UTI).^[@ref1]^ Classified into uncomplicated and complicated UTI, it can affect the upper tract, provoking pyelonephritis, and the lower tract, causing cystitis.^[@ref2]−[@ref4]^ Typical symptoms include urination pain, dysuria, pollakisuria, and hematuria; in the case of nephrotic inflammation, fever can occur additionally.^[@ref5],[@ref6]^ Risk factors are female gender, sexual activity, vaginal infections, and chronic diseases such as diabetes.^[@ref7]^ Most UTIs are caused by *Escherichia coli* (uropathogenic *E. coli*, UPEC); in addition, other Enterobacteriaceae such as *Klebsiella pneumoniae* or various types of *Staphylococcus* can elicit UTI as well.^[@ref3],[@ref4],[@ref8]^

The urothelium represents a dense barrier between urine and the rest of the body.^[@ref9],[@ref10]^ However, bacterial adhesins such as FimH, part of type 1 pili of UPEC, can interact with the urothelial cells, which can lead to bacterial invasion. UPEC then forms biofilm-like intracellular communities, which can cause recurring infections.^[@ref3],[@ref5],[@ref11]^

Standard therapy of UTI is a 1 to 5 day oral antibiotic treatment. In severe cases, antibiotics such as fosfomycin, pivmecillinam, and trimethoprim are administered parenterally.^[@ref12]^ Increasing resistance rates require alternative treatment options such as intravesical therapy.^[@ref13],[@ref14]^

Intravesical instillation is a safe and effective alternative^[@ref12]^ to oral or intravenous application: the drug is administered directly into the bladder cavity via a catheter. In response to a higher local concentration and thus efficacy, a lower dose of antibiotic is necessary and less systemic side effects are provoked.^[@ref9],[@ref14]^

Major problems associated with intravesical therapy are (i) the dilution and washout process due to constantly secreted urine, (ii) the dense barrier of the urothelium, and (iii) possible premature degradation of the antibiotic.^[@ref14]−[@ref16]^ These limits might be overcome by a biomimetic drug delivery system, such as lectin-modified poly([d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic acid) (PLGA) microparticles.

PLGA is a copolymer commonly used as a matrix for particles because of its biocompatibility and biodegradability.^[@ref17]^ It is a polyester of lactic acid and glycolic acid and varies in its monomeric ratio. The higher the amount of lactic acid, the slower the degradation process. However, at a 50:50 ratio of both hydroxy acids, as represented by PLGA 503H, degradation is the fastest. Another parameter of PLGA determining the release rate is its molecular weight. Nonspecific hydrolysis of low-molecular-weight PLGA yields faster water-soluble oligomers and, finally, faster drug release than high-molecular-weight PLGA.^[@ref18],[@ref19]^ Furthermore, PLGA microparticles as a drug carrier can provide retardation and protect the active pharmaceutical ingredient against undesired degradation.^[@ref15],[@ref18],[@ref20]^ An additional advantage of the H-type of PLGA, such as PLGA 503H, is the presence of free carboxyl groups that might be useful as anchors for further surface functionalization.^[@ref18]^ The surface of microparticles can be modified with lectins such as wheat germ agglutinin (WGA) to increase their adhesion rate to bladder cells, exploiting the same binding sites as UPEC. Adhesion of the drug delivery system to the bladder wall is expected to reduce dilution by urine and limit rapid washout of the drug by micturition, hence increasing dwell time in the bladder and shortening the diffusional pathway to the diseased cells, resulting in prolonged exposure and higher drug efficacy. In addition, those factors might reduce the duration and frequency of instillative interventions as well.^[@ref15]^

In the present study, microparticles were prepared using two different types of PLGA and loaded with trimethoprim, an antibiotic commonly used for the treatment of UTI. Considering the rather slow degradation and, therefore, limited bioavailability of the incorporated drug upon instillation of commonly used PLGA 503H (MW 24,000--38,000 Da) formulations, the novel, low-molecular-weight PLGA 2300 (*M*~n~ ≈ 2300, MW 2000--2500 Da) was investigated. While low-molecular-weight PLGA has been evaluated, e.g., 4 kDa PLGA for nanoparticles^[@ref21]^ or 8 kDa PLGA for microparticles,^[@ref22]^ PLGA with even lower molecular weight might offer certain advantages such as faster drug release, solubility in different solvents, and higher entrapment of active pharmaceutical ingredients. PLGA 2300 was investigated to evaluate trimethoprim loading and release in comparison to PLGA 503H and its bioadhesive characteristics with and without WGA modification. Thus, the aim of this study was to disclose the advantages of a low-molecular-weight PLGA in comparison to an already established one, potentially providing faster drug release.

2. Results and Discussion {#sec2}
=========================

2.1. Optimization of the Particle Preparation Process {#sec2.1}
-----------------------------------------------------

To prepare microparticles with a drug content as high as possible, various parameters of the preparation process have been modified. To evaluate the influence of the type and concentration of the surfactant, both were varied and the results are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and scanning electron images in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Overview and detailed scanning electron microscopic images of microparticles prepared from PLGA 503H with different surfactant concentrations and types (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).](ao0c00981_0009){#fig1}

###### Type and Concentration of Surfactant Used for Preparation of PLGA 503H Microparticles[a](#t1fn1){ref-type="table-fn"}

  Pluronic batch   emuls. 1   emuls. 2   *D*x50 (μm)          *D*x90 (μm)           *D*~\[4,3\]~ (μm)    span (μm)           %LC
  ---------------- ---------- ---------- -------------------- --------------------- -------------------- ------------------- -------------
  F68-A            1%         3%         15.06 ± 0.07         44.08 ± 0.95          18.70 ± 0.28         2.88 ± 0.05         2.75%
  F68-B            3%         3%         19.55 ± 6.13\*\*\*   92.55 ± 31.63\*\*\*   75.81 ± 16.7\*\*\*   4.74 ± 1.69\*\*\*   1.83%\*\*\*
  F68-C            1%         1%         11.03 ± 0.087        27.15 ± 0.26          12.66 ± 0.13         2.40 ± 0.01         2.44%\*\*\*
  F127             1%         3%         16.43 ± 0.31\*       49.85 ± 1.43\*        20.74 ± 0.52\*       2.99 ± 0.04\*       2.02%\*\*\*

Respective size (*n* = 10) and %loading capacity (*n* = 3). Using F68-A as a control, \*\*\**p* ≤ 0.001, \**p* ≤ 0.05, and no star *p* ≥ 0.05.

Regarding the surfactant type, changing the default Pluronic F68 (F68-A) to the higher-molecular-weight F127 type resulted in 25% lower drug loading (*p* ≤ 0.001) and negligibly increased particle size (*p* ≤ 0.001). The crack in the particle surface shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} is a damaged material caused by exposure to the electron beam. Thus, there is no improvement over the final protocol.

Variations of the surfactant concentrations, however, significantly impacted the size and drug loading of the microparticles. Using 3% in both emulsions (F68-B) yielded the largest and most inhomogeneous particle population with the lowest trimethoprim content. This is reflected in the microscopic image as well ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Reducing the concentration to 1% in both emulsions (F68C) yielded the smallest particles with medium-ranking drug load. Overall, the microparticles where spherical and porous, possibly due to trimethoprim leakage in suspension or due to humidity evaporated by the vacuum/electron beam. Since 1% surfactant in emulsion 1 and 3% in emulsion 2 provoked the highest drug loading and a particle size distribution most appropriate for instillation, we adhered to this protocol.

Considering the drug loading capacity of 2--3%, a suspension containing 70--100 mg particles per liter would be required for instillation to reach the minimal inhibitory concentration of trimethoprim amounting to 0.5--2 mg/L.^[@ref23]^

To further increase the drug loading, the amount of trimethoprim used in the preparation process was varied, and besides the commonly used PLGA503H, the lower molecular weight-type PLGA 2300 was used.

In the case of PLGA 503H, the particle size decreased with increasing amount of trimethoprim added (*p* ≤ 0.001), but the drug loading improved by only 0.05% (*p* ≤ 0.001) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![Microparticle sizes (*D*~\[4,3\]~; *n* = 10) and trimethoprim content (*n* = 3) when using different amounts of trimethoprim during preparation (20--60 mg).](ao0c00981_0008){#fig2}

###### Effect of Trimethoprim Amount Used in Preparation on Size and Drug Loading of Microparticles Made from PLGA 503H and PLGA 2300[a](#t2fn1){ref-type="table-fn"}

  PLGA 503H   PLGA 2300                                                        
  ----------- -------------------- ------------- -------- -------------------- -------------
  20 mg       20.57 ± 0.65\*\*\*   1.78%\*\*\*   20 mg    8.19 ± 0.36\*\*\*    1.18%\*\*\*
  40 mg       18.70 ± 0.28\*\*\*   2.75%\*\*\*   40 mg    19.35 ± 0.25\*\*\*   4.03%\*\*\*
  60 mg       15.87 ± 0.87\*\*\*   2.80%\*\*\*   60 mg    15.61 ± 0.25\*\*\*   6.36%\*\*\*
                                                 100 mg   6.97 ± 0.09\*\*\*    4.40%\*\*\*

*D*~\[4,3\]~ (*n* = 10) and %loading capacity (*n* = 3). Statistical comparison was done with 40 mg as a control within a group and between groups with the same amount of trimethoprim. *P* values in the table for both comparisons, if not noted otherwise. \*\*\**p* ≤ 0.001.

Thus, the smallest particles contained the highest amount of antibiotic. Since the difference in drug loading between the 40 mg batch and the 60 mg batch was miniscule (*p* ≤ 0.001), the maximum drug loading seemed to have been achieved using the 40 mg protocol. While the maximum drug loading of PLGA 503H microspheres was about 2.8%, PLGA 2300 generally displayed a higher loading capacity (*p* ≤ 0.001). The 6.4% drug loading of the 60 mg batches was about 2-fold higher than that of the PLGA 503H counterpart (*p* ≤ 0.001). As the drug loading concurrently increased with the initial amount of trimethoprim added, an additional batch with 100 mg of trimethoprim was prepared, however, resulting in a quite lower drug loading (4.4%). The higher amount of trimethoprim required more solvent and, therefore, a change in glassware. Apparently, these alterations in solvent volume and interfaces resulted in comparatively lower entrapment rates of trimethoprim.

The microparticles of the 40 mg and 60 mg batches of PLGA 503H and PLGA 2300 were comparable in size (*p* ≤ 0.001). Especially, the 60 mg batches were not only almost similar in size but also allowed encapsulation of the highest amounts (6.36%) of trimethoprim for both polyesters. PLGA 503H particles were spherical with a few pores ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The crack visible in the detailed image of PLGA 503H microspheres prepared with 20 mg of trimethoprim occurred during acquiring of the image due to the energy of the electron beam.

![Overview and detailed scanning electron microscopic images of microparticles prepared from PLGA 503H with different trimethoprim amounts added during preparation (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).](ao0c00981_0007){#fig3}

While PLGA 2300 microparticles were spherical as well, overall higher porosity was visible ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which was expected to offer fast degradation and free diffusion pathways for improved drug release.

![Overview and detailed scanning electron microscopic images of microparticles prepared from PLGA 503H with different trimethoprim amounts added during preparation (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).](ao0c00981_0006){#fig4}

Barthelmes et al. faced similar issues when trying to encapsulate trimethoprim into chitosan-based nanoparticles, only being able to achieve a payload of under 5%.^[@ref24]^ When coupled with starch microparticles, the drug load was capped at 5% as well.^[@ref25]^ Due to the hydrophilic nature of trimethoprim and further functionalization, PLGA with free carboxylic groups were chosen over their end-capped counterparts. The former choice also proved advantageous for the encapsulation of the hydrophilic antibiotic levofloxacin.^[@ref26]^

PLGA 2300, however, proved to be vastly superior for encapsulation of this particular antibiotic with a 2-fold increase in capacity over PLGA 503H and over 20% increase over previous studies about trimethoprim encapsulation.

2.2. Release Profile of Trimethoprim from PLGA Microparticles {#sec2.2}
-------------------------------------------------------------

The release profile from PLGA is triggered by two key parameters: temperature and pH. Raising the temperature increases diffusivity of degradative protons as well as flexibility of the polymer chains.^[@ref27]^ As PLGA is also known to be preferably degraded by acid-driven hydrolysis, the acidity of the medium promotes release of the drug.^[@ref28]−[@ref30]^

The release profile of trimethoprim from PLGA 503H and PLGA 2300 microparticles was analyzed in two different media, artificial urine ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and HEPES/PLU ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The assay was performed for 2 weeks at 4 °C and room temperature to evaluate trimethoprim leakage in possible storage conditions and at 37 °C to mimic the physiological conditions in the bladder.

![Amount of trimethoprim released from microparticles prepared from (A) PLGA 503H and (B) PLGA 2300 in artificial urine (pH 5) at 4 °C, room temperature, and 37 °C.](ao0c00981_0005){#fig5}

![Amount of trimethoprim released from microparticles prepared from (A) PLGA 503H and (B) PLGA 2300 in HEPES/PLU buffer (pH 7.4) at 4 °C, room temperature, and 37 °C.](ao0c00981_0004){#fig6}

### 2.2.1. Release Profile at 4 °C {#sec2.2.1}

The maximum release of trimethoprim at 4 °C from both PLGA 503H and PLGA 2300 microparticles was below 20% of the entrapped drug in either media ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}).

The highest correlation to mathematical models for PLGA 503H in artificial urine was to Weibull (adjusted *R*^2^ = 0.974) and Higuchi and Korsmeyer--Peppas (adjusted *R*^2^ = 0.973 and 0.967, respectively). In buffer, the adjusted *R*^2^ values were 0.984 to both Weibull and Higuchi and 0.976 to Korsmeyer--Peppas. The exponent *b* of the Weibull function amounted to 0.54--0.60, which is regarded as diffusion in fractal or disordered substrates.^[@ref31]^ The diffusional exponent (*n*) in the Korsmeyer--Peppas model was 0.69 (artificial urine) or 0.62 (HEPES/PLU) and suggests an anomalous, non-Fickian release mechanism^[@ref32]^ at 4 °C.

PLGA 2300 microparticles correlated well with Korsmeyer--Peppas (adjusted *R*^2^ = 0.929) and Weibull (adjusted *R*^2^ = 0.920) in artificial urine and, in HEPES/PLU, with Korsmeyer--Peppas (adjusted *R*^2^ = 0.992), Weibull (adjusted *R*^2^ = 0.989), first order and zero order (adjusted *R*^2^ = 0.982 for both), and Higuchi (adjusted *R*^2^ = 0.911). The Weibull function suggests a complex release mechanism (*b* = 1.05) in artificial urine and diffusion in a normal Euclidian space (*b* = 0.74) in buffer,^[@ref31]^ while the Korsmeyer--Peppas model suggests a zero-order release (*n* = 1.23) in artificial urine, which is in line with the high correlation to the zero-order fit, and an anomalous, non-Fickian release in HEPES/PLU (*n* = 0.86).^[@ref32]^

Since the drug loss from both types of microparticles in HEPES/PLU was smaller than 3%, the particles are expected to be safely stored at 4 °C without significant loss of efficacy for up to 2 days. For longer storage, however, the formulation should be kept lyophilized to prevent loss of trimethoprim.

### 2.2.2. Release Profile at Room Temperature {#sec2.2.2}

The release profiles from PLGA 503H microparticles in HEPES/PLU at room temperature and 4 °C were comparable ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Thus, storage for up to 2 days should be possible in buffer at room temperature. In comparison to pH 7.4, the 1.5-fold release at pH 5.0 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) indicates the contribution of acidic microclimate to random hydrolysis and, thus, accelerated degradation of the polyester. Release from PLGA 503H microparticles correlated well with Higuchi in artificial urine (adjusted *R*^2^ = 0.976) and, in HEPES/PLU (adjusted *R*^2^ = 0.987), with Weibull (adjusted *R*^2^ = 0.986 and 0.983) and Korsmeyer--Peppas (adjusted *R*^2^ = 0.983 and 0.987). Both the Weibull function (*b* = 0.40 in artificial urine and 0.47 in buffer) and the Korsmeyer--Peppas model (*n* = 0.46 and 0.50) suggest a Fickian release.

Particles prepared from PLGA 2300 complied best the Weibull (adjusted *R*^2^ = 0.996) and Korsmeyer--Peppas model (0.995) as well as zero order and first order (0.970) and Higuchi (0.935). In both artificial urine and buffer, an anomalous, non-Fickian release (*n* = 0.81 and 0.85) and diffusion in a normal Euclidian space (*b* = 0.69 and 0.73) was calculated.

The faster drug release from PLGA 2300 microparticles at room temperature in HEPES/PLU as well as in artificial urine indicates higher pH and also thermosensitivity of this polymer type. Due to the lower molecular weight of the polymer backbone, it is more likely that the influence of pH on hydrolytic scission of the polymer leads to more easy and premature formation of water-soluble oligomers and, thus, accelerated release of trimethoprim. Within 2 days, more than 20% of the entrapped trimethoprim was released in both media. Keeping the PLGA 2300 microparticles at room temperature for a longer time after reconstitution would not be advisable.

### 2.2.3. Release Profile at 37 °C {#sec2.2.3}

At 37 °C ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}), an initial burst of about 30% was observed after 24 h and the whole drug content was released after 2 weeks, independent of the type of PLGA and the medium applied. In artificial urine, PLGA 503H ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) microspheres released more than 50% of the encapsulated antibiotic after 4 days and reached a plateau after 10 days. In the case of PLGA 2300 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) microspheres, 50% of trimethoprim was liberated even after 2 days and a steady concentration was reached after 7 days.

Calculating the best fit, the adjusted *R*^2^ of PLGA 503H particles in artificial urine and buffer suggested the highest correlation to Higuchi (0.967 and 0.917), Weibull (0.950 and 0.968), and Korsmeyer--Peppas models (0.962 and 0.959), while the exponents suggest a Fickian diffusion (*b* = 0.41 and 0.35; *n* = 0.47 and 0.40). PLGA 2300 microparticles correlated well with Weibull and Korsmeyer--Peppas in artificial urine (0.933 and 0.923) and HEPES/PLU (0.976 and 0.968). In buffer, high correlation was also observed with the zero-order (0.942), first-order (0.943), and Higuchi (0.928) models. Both Weibull and Korsmeyer--Peppers indicate a Fickian release regardless of suspension medium (*n* = 0.44 in artificial urine and 0.43 in buffer; *b* = 0.38 for both).

While the initial burst release was comparable in both PLGA types, PLGA 2300 proved advantageous regarding the subsequent higher drug release rate. Karp et al. have observed an even higher initial burst release from florfenicol-loaded microparticles, prepared with another low-molecular-weight PLGA.^[@ref33]^ Trimethoprim is diffusely distributed throughout the matrix, but trimethoprim located on the surface is released, first provoking a strong burst effect. Both bulk erosion of PLGA and diffusional processes facilitate the release of the antibiotic. The release pattern consisting of a burst release followed by a plateau phase is in agreement with previous findings.^[@ref34]^

Thus, PLGA 2300 is more suitable for instillative therapy, considering the limited time span the drug carrier can reside inside the bladder before being washed out.

2.3. Binding of Lectin Coupled Microparticles on SV-HUC Cell Monolayer {#sec2.3}
----------------------------------------------------------------------

Constant urine production in the bladder impedes direct drug application due to washing out and removal via micturition after a short time. A strategy to delay this process is to enhance the binding of the microparticles to the bladder cells by means of a lectin corona on the particle surface. To approach this aim, the surface of the microparticles was modified with fluorescein-labeled wheat germ agglutinin (WGA).

To get an idea of the adhesion capability of lectin-functionalized PLGA microparticles on bladder cells, an in vitro assay using a monolayer of SV-HUC cells was performed. SV-HUC cells are immortalized, healthy human uroepithelial cells that display no tumorigenic characteristics.^[@ref35]^ To assess the bioadhesion of the microparticles, suspensions of unmodified and WGA-modified microparticles were incubated with the cell monolayer and nonbound particles were removed by subsequent washings. After both steps, microscopic images were acquired. The microscopic evaluation displayed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} (PLGA 2300 particles) and [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} (WGA-PLGA 2300 particles) indicates a higher cell binding rate of the WGA-modified microparticles as compared to plain microparticles after washing. Due to lectin-mediated, improved adhesion, intravesically applied particles might remain longer in the bladder, surpassing even the dwell time of the instilled media. The prolonged residence time together with prolonged release of the antibiotic and shortened diffusional pathway of the released drug might improve the efficacy of this therapeutic approach. Nevertheless, further assays are necessary to confirm this observation, considering that fluorescein-labeled WGA might not exhibit the same binding potential as the nonlabeled WGA.

![Microscopic images (40×) of PLGA 2300 microparticles on an SV-HUV monolayer (A) after incubation and (B) after washing. Both images were taken at the same predefined position of the sample.](ao0c00981_0003){#fig7}

![Microscopic images (40×) of WGA-PLGA 2300 microparticles on an SV-HUV monolayer (A) after incubation and (B) subsequent washing. Both images were taken at the same predefined position of the sample.](ao0c00981_0002){#fig8}

3. Conclusions {#sec3}
==============

Loading PLGA 2300 microparticles with trimethoprim yielded a better result than encapsulation in PLGA 503H, increasing the loading capacity 2-fold while retaining similar particle sizes. The lower-molecular-weight PLGA 2300 facilitates a more rapid degradation of the polyester even in an acidic environment. While release profiles were similar initially, an overall faster liberation of trimethoprim from the low-molecular-weight PLGA furthers the advantages of this novel carrier. As preliminary studies with bioadhesive-coated microspheres yielded extremely promising results, the gap in therapeutic efficacy will widen even further. All in all, PLGA 2300 proved to be a vastly superior matrix for the intended application than the commonly used PLGA 503H. Due to faster drug release and higher drug loading capacity, this novel polymer seems to be better suited for use in intravesical therapy when treating urinary tract infections.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

PLGA (Resomer RG 503 H, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide)) was obtained from Boehringer Ingelheim (Ingelheim, Germany), and PLGA Resomer Sample CR Type RG 50:50 Mn2300 (PLGA 2300) was kindly provided by Evonik Nutrition & Care GmbH (Darmstadt, Germany). Trimethoprim, Kolliphor P 188 (Pluronic F68), Kolliphor P 407 (Pluronic F127), *N*-hydroxy succinimide (NHS), ethylenediaminetetraacetic acid (EDTA), creatinine, trisodium citrate, and sodium phosphate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein-labeled wheat germ agglutinin (f-WGA) was provided by Vector Laboratories, Inc. (Burlingame, CA, USA). Chloroform (≥98%) was obtained from VWR International (Pennsylvania, USA), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC), ethyl acetate (≥99.5%), sodium chloride, disodium oxalate, HEPES (Pufferan, ≥99.5% buffer grade), and glycine were purchased from Carl-Roth GmbH & Co.KG (Karlsruhe, Germany).

4.2. Preparation of Trimethoprim-Loaded PLGA Microspheres {#sec4.2}
---------------------------------------------------------

The microparticles were prepared from an oil-in-water emulsion following a solvent evaporation protocol. For that purpose, 400 mg of either PLGA 503H or PLGA 2300 was added to a solution of 40 mg of trimethoprim in 3.68 mL chloroform and dissolved at 4 °C. This organic phase was quickly poured into 8 mL of an aqueous solution of Pluronic F68 (1%, w/v) and dispersed for 5 min at level 4 with an ULTRA-TURRAX T8 homogenizer (IKA Labortechnik, Staufen, Germany) (emulsion 1). To harden the droplets, this emulsion was diluted with 100 mL of an aqueous solution of Pluronic F68 (3%, w/v) (emulsion 2), and solvent evaporation was facilitated by stirring with an OMNI 5000 Homogenizer (Omni International, Kennesaw, GA, US) for 60 min at speed level 2. Residual amounts of chloroform were removed by rotary evaporation considering the distinct glass-transition temperatures of the PLGA types in use. In the case of PLGA 503H, the vacuum was set at 130 mbar for 30 min followed by a pressure of \<10 mbar for another 30 min. In the case of PLGA 2300, evaporation started at 300 mbar for 30 min followed by lowering of the pressure every 10 min by 50 mbar and finally keeping it at \<10 mbar for 5 min.

The particle suspension was centrifuged at 3200 rpm and 4 °C for either 10 min (PLGA 503H) or 15 min (PLGA 2300). The pellet was resuspended in 20 mM HEPES/NaOH (pH 7.4) containing 1% (w/v) Pluronic F68 (HEPES/PLU) for storage or in distilled water for lyophilization.

4.3. Characterization of the Microspheres {#sec4.3}
-----------------------------------------

### 4.3.1. Determination of the Particle Size Distribution {#sec4.3.1}

The particle size distribution was analyzed by laser diffraction (Mastersizer 3000, Malvern Instruments, Malvern, U.K.). To guarantee reliable results, the microparticle suspension in HEPES/PLU was dispersed in a 0.1% (w/v) aqueous solution of Pluronic. Measurements were performed at 5--10% laser obscuration while being stirred at 1700 rpm.

### 4.3.2. Trimethoprim Content of the Microparticles {#sec4.3.2}

The amount of encapsulated trimethoprim was determined by high-performance liquid chromatography (HPLC) using an Agilent 1100 Series system (Agilent Technologies, Santa Clara, CA, USA) equipped with an UV diode array detector.

#### 4.3.2.1. Sample Preparation {#sec4.3.2.1}

Lyophilized microparticles (2.0--8.0 mg) were dissolved in 2 mL of ethyl acetate. By adding 1 mL of 0.1% (v/v) aqueous formic acid solution and thoroughly mixing, trimethoprim was accumulated in the aqueous phase. The extraction step was repeated twice, the collected aqueous layers were lyophilized, and the lyophilisate was dissolved in 0.1 mL of 0.1% (v/v) aqueous formic acid solution for analysis.

#### 4.3.2.2. Quantification with HPLC {#sec4.3.2.2}

After injection of a 5 μL sample, separation was achieved on an analytical RP-18e column (Acclaim 120, Thermo Scientific, Waltham, MA, USA) by applying a linear gradient with 0.1% aqueous formic acid solution and 0.1% (v/v) formic acid in acetonitrile from 1 + 99 to 95 + 5 within 10 min as a mobile phase. The flow rate was set to 0.5 mL/min and trimethoprim was detected at 280 nm. The limit of detection based on the calibration curve and calculated with the standard deviation of the regression line according to ICH guidelines was 0.72 μg/mL (3.3 σ/S) and the limit of quantification 2.19 μg/mL (10 σ/S).

### 4.3.3. Release of Trimethoprim from PLGA Microparticles {#sec4.3.3}

Release studies were performed for 2 weeks at 4 °C, room temperature, and 37 °C either in artificial urine or HEPES/PLU as a dispersion medium. Each sample was a dispersion of 2.0--3.0 mg lyophilized microparticles in 1.5 mL of medium. For analysis at 4 °C, the samples were stirred at 500 rpm in a fridge. Other samples were placed in a tube rotator (Stuart Rotator SB3, Cole-Parmer, Staffordshire, U.K.) either at room temperature or at 37 °C. Trimethoprim release was analyzed daily: the particle suspension was centrifuged (14,000 rpm, 10 min, 4 °C) and 1 mL of the supernatant was withdrawn, lyophilized, and quantified by HPLC, as described above. Samples were immediately replaced by adding 1 mL of fresh medium. After 2 weeks, the remaining microparticles were dissolved in 2 mL of ethyl acetate (see [Section [4.3.2.1](#sec4.3.2.1){ref-type="other"}](#sec4.3.2.1){ref-type="other"}), and their trimethoprim content was determined as described above.

Drug release data were fitted to the pharmacokinetic models depicted below:^[@ref36],[@ref37]^zero orderfirst orderHiguchiKorsmeyer--PeppasWeibull model

The release curves were correlated to the models and evaluated by calculating the adjusted coefficient of determination (*R*^2^-adjusted)^[@ref37]^where *n* is the number of dissolution data points (*M*/*t*), and *p* is the number of parameters in the model.

### 4.3.4. Scanning Electron Microscopy (SEM) {#sec4.3.4}

Microparticles were suspended in 20 mM HEPES/NaOH (pH 7.4) with 0.1% (w/v) Pluronic F68 and a drop was placed on a 0.1 μm polycarbonate membrane filter. After drying in vacuo, the samples were sputter-coated with gold and examined in a FlexSEM 1000 (Hitachi High-Technologies Corporation, Tokyo, Japan) scanning electron microscope at 20 kV (accelerating voltage).

4.4. Surface Modification of PLGA Microparticles with WGA {#sec4.4}
---------------------------------------------------------

The surface of PLGA microparticles was modified by covalently binding wheat germ agglutinin (WGA) to freely accessible carboxylates. For this purpose, 5 mg of lyophilized microparticles was suspended in 500 μL of 20 mM HEPES/NaOH (pH 8, HEPES-8). Free carboxyl groups of PLGA were activated by incubation with a solution containing 281 mg of EDAC and 11.74 mg of NHS in 500 μL of HEPES-8 for 30 min at 4 °C. Excessive coupling reagents were removed by washing twice with 1.5 mL of HEPES-8 and centrifugation at 14,000 rpm for 3 min at 4 °C. Finally, the suspension volume was adjusted to 150 μL.

For the coupling reaction, 50 μL of F-WGA (5 mg/mL HEPES-8) was added and the solution was stirred at 4 °C under light protection for 2 h. To block remaining active binding sites, 242 μL of glycine solution (100 mg/mL HEPES-8) was added and the solution was stirred for another 30 min.

To remove excessive coupling agents, the microparticles were centrifuged (4 °C, 14000 rpm, 5 min) and the supernatant was discarded. HEPES-8 (1.5 mL) was added and this washing step was repeated once. Three more washing steps were performed in the same way but using distilled water instead of HEPES-8 to purify the microparticles. Finally, the WGA-functionalized PLGA microparticles were lyophilized.

4.5. Cell Culture {#sec4.5}
-----------------

### 4.5.1. Cultivation of SV-HUC Cells {#sec4.5.1}

SV-HUC is a cell line originating from human uroepithelial cells and immortalized by transfection with Simian Virus 40. The cells were obtained from American Type Culture Collection (Rockville, USA) and used between passages 35 and 48. SV-HUC cells were cultivated in Ham's F12 medium at 37 °C in 5% CO~2~/95% air atmosphere and 95% relative humidity. The cells were subcultivated with trypsin/EDTA at approximately 80% confluency and seeded at a density of 3,260,000 cells/mL into 75 cm^2^ cell culture flasks for further cultivation.

### 4.5.2. Cultivating Monolayers {#sec4.5.2}

SV-HUC cell monolayers were cultivated in 96-well microplates as well as in flexiPERM micro12 mounted glass coverslips after seeding 17,000 cells/well. To avoid contamination, the flexiPERM and the glass coverslips were disinfected with 70% ethanol before use. For binding assays, cells were used after reaching 100% confluency, typically achieved after 7 to 8 days of incubation.

4.6. Binding Assay of WGA-PLGA Microparticles to SV-HUC Monolayers {#sec4.6}
------------------------------------------------------------------

After removal of the supernatant, the SV-HUC monolayers, cultivated either in flexiPERM or 96-well microplates, were washed with 100 μL of isotone 20 mM HEPES/NaOH buffer (pH 7.4) (HEPES-iso). A homogeneous dispersion of 40 μL of WGA-PLGA microparticles (1 mg/mL in HEPES-iso) in 100 μL of HEPES-iso was added followed by incubation for 30 min at 4 °C. PLGA microparticles without any surface modification served as a negative control. Particle loading was observed microscopically using a Zeiss Epifluorescence Axio Observer.Z1 deconvolution microscopy system (Carl Zeiss, Oberkochen, Germany). After washing the monolayers twice with 100 μL of HEPES-iso and adding 150 μL of the same buffer, the amount of cell-bound microparticles was examined microscopically.

4.7. Statistical Analysis {#sec4.7}
-------------------------

Statistical analysis was performed with SigmaPlot 13 software (Systat Software, Inc., San Jose, CA, USA). All data are presented as mean ± standard deviation (SD). Comparisons between groups were evaluated using *t*-test and one-way ANOVA. *P* values of ≤0.05 were considered statistically significant.
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HEPES/PLU

:   20 mM HEPES/NaOH (pH 7.4) containing 1% (w/v) Pluronic F68

HEPES-8

:   20 mM HEPES/NaOH (pH 8)

HEPES-iso

:   isotone 20 mM HEPES/NaOH buffer (pH 7.4)
